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Abstract: The rapid warming of the Northern Hemisphere high latitudes and the observed changes
in boreal forest areas affect the global surface albedo and climate. This study looks at the trends in
the timing of the snow melt season as well as the albedo levels before and after the melt season in
Northern Hemisphere land areas between 40°N and 80°N over the years 1982 to 2015. The analysis
is based on optical satellite data from the Advanced Very High Resolution Radiometer (AVHRR).
The results show that the changes in surface albedo already begin before the start of the melt season.
These albedo changes are significant (the mean of absolute change is 4.4 albedo percentage units
per 34 years). The largest absolute changes in pre-melt-season albedo are concentrated in areas of
the boreal forest, while the pre-melt albedo of tundra remains unchanged. Trends in melt season
timing are consistent over large areas. The mean of absolute change of start date of melt season
is 11.2 days per 34 years, 10.6 days for end date of melt season and 14.8 days for length of melt
season. The changes result in longer and shorter melt seasons, as well as changed timing of the
melt, depending on the area. The albedo levels preceding the onset of melt and start of the melt
season correlate with climatic parameters (air temperature, precipitation, wind speed). The changes
in albedo are more closely linked to changes in vegetation, whereas the changes in melt season timing
are linked to changes in climate.
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1. Introduction

Climate change over the Northern Hemisphere high latitudes and boreal forest zone has affected
the snow and vegetation cover and, thus, the surface albedo [1-12]. Previous studies have shown that
the duration and timing of the snow melt season has changed differently in different areas [13-17].
The snow cover extent has decreased especially significantly in the spring [3,5,7], and the surface
albedo during the melt season months has also decreased, largely due to a decline in the area covered
by snow [10]. These changes affect the local and global energy budgets [6]. The changing climate also
changes the vegetation. The increased size of vegetation decreases wintertime albedo by covering the
land surface and casting larger shadows on snow-covered surfaces. This is particularly relevant in the
late winter. Changes in vegetation affect the local climate and the scattering properties of the forest
(with larger shadows and increased multiple scattering due to increased forest height or density) [11].
The changes in the vegetation are also linked to changes in the spatial coverage of permafrost.
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Changes in the timing and duration of the melt season, as well as in the surface albedo, are
important parameters for climate models [18,19]. They can be used as comparison data for model
parameters during the run. More accurate information on these parameters is needed to improve
the models. In particular, the albedo of vegetated surfaces overlain by snow, such as boreal forests,
introduce uncertainty to the model outputs [20-22].

Changes in the albedo of snow-covered surfaces can be caused by changes in a number of
variables, such as climate, impurities in snow, vegetation, permafrost and changes in the properties of
the snow surface [23-27]. Some of these factors also interact with each other. For example, changes in
air temperature, precipitation, and wind speed affect both the snow cover extent and snow surface
properties, which in turn change the snow surface albedo [10,24,27]. The optical scattering properties
of a snow surface are most heavily determined by grain size and shape [28], with grain size being the
main physical factor responsible for snow-albedo variations [24]. These, together with climatic factors
such as wind, air temperature, and the existence of vegetation affect snow surface roughness, which
also affects the brightness of the surface [29,30].

The vast area covered by seasonal snow provides a reason to study it at global scale. This can
be characterized using satellite remote sensing. Snow cover and surface albedo have been analyzed
from satellite data for decades [31-33]. The first studies covered small areas and short periods of time,
and the available data was limited in coverage and resolution. These studies form the basis for the
new satellite-derived data records, which offer better spatial and temporal coverage and, thus, enable
climatic studies of various key parameters. The timing of the melt season has typically been estimated
using passive microwave satellite data [14,15], which are sensitive to the presence and amount of
liquid water. Therefore, microwave data are good at detecting changes in the snow moisture content,
but do not react to thin snow covers, which affect the surface albedo significantly, but have very low
liquid water content. Moreover, microwave data cannot easily differentiate between wet snow and wet
ground. Surface albedo data have also been used to determine the timing of melt season [34], but the
spatial and temporal coverage of these studies has been limited. There are many different definitions
for the start and end of melt [35]. One way to define these dates is to use the time when the open areas
are less than half covered with snow [35]. The choice of definition depends on the intended application
of the data.

Previous studies on snow cover have shown a decrease in the area covered by snow, as in the melt
season albedo [2,3,5,10], but whether or not climate change has caused the albedo of the snow surface
to change prior to the onset of melt has so far been unclear. Studies of changes in snow season surface
albedo have typically been based on either specific calendar months assumed to represent the melt
season [10], or on the maximum albedo of the snow season [36]. This paper presents a study of the
changes in the surface albedo of the land areas of the Northern Hemisphere between latitudes 40°N
and 80°N prior to the melt season. This has an effect on the global energy budget, as well as the length
of the melt season and the surface albedo during the melt season. The study also investigates the
changes in the timing of the melt season. The analysis utilizes 5-day mean surface albedo data, derived
from optical satellite data for the years 1982 to 2015, to determine the start and end dates of the melt
season and the corresponding surface albedo levels. The trends of these parameters over the 34-year
period and their relationships to land use and trends in climatic parameters are also investigated.

2. Data

This study is based on the 5-day mean surface albedo data of the Satellite Application Facility
for Climate Monitoring (CM SAF, funded by EUMETSAT) CLouds, Albedo and RAdiation second
release Surface ALbedo (CLARA-A2 SAL) data record [37,38], which is constructed using Advanced
Very High Resolution Radiometer (AVHRR) data. The albedo is defined as the broadband shortwave
directional-hemispherical reflectance, i.e., the black-sky albedo. The retrieved albedo corresponds to
the wavelength range 0.25-2.5 um and the observations are averaged to a 0.25° x 0.25° grid, which is
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also the resolution of the final product. The albedo values are given in the range 0-100%. At the time
of the analysis this was the longest available homogeneous data record of surface albedo.

The basis of the derivation of the 5-day mean albedo product used here is similar to CLARA-A1
SAL [39]. The albedo values for a five day period are first determined by observation and then
averaged. After cloud masking the satellite data, the effect of topography and inclined slope and
related shading on location and reflectance of the satellite data is corrected. The land pixels are then
corrected for atmospheric effects on the radiation. The atmospheric correction utilizes a dynamic
aerosol optical depth (AOD) time series [40] as input. The AOD time series was constructed using the
total ozone mapping spectrometer (TOMS) and ozone monitoring instrument (OMI) aerosol index
data [40]. The scattering properties of the surface are described by bidirectional reflectance distribution
functions (BRDF) for different land-use types. The land-use classes are derived from four different
land-use classifications, using always the classification which has been constructed from data that is
temporally closest to the observation in question. Finally, the 0.6 and 0.8 micrometer (AVHRR channels
1 and 2) albedos are converted into broadband albedo. The reflectance characteristics of snow surfaces
vary between different snow types [41]. Therefore the albedo of snow- and ice-covered areas is derived
by averaging the broadband bidirectional reflectance values of the AVHRR overpasses into pentad
and monthly means. The albedo of open water, such as oceans, is constructed using solar zenith angle
and wind speed. The existence of sea ice is verified using the Ocean and Sea Ice Satellite Application
Facility (OSI SAF) sea ice extent data [42].

The data record has been validated against in situ data and compared with the Moderate
Resolution Imaging Spectroradiometer (MODIS) MCD43C3 edition 5 data set [43,44]. The mean
relative retrieval error of CLARA-A2 SAL is —0.6%, the mean root mean square error (RMSE) is 0.075
and the decadal relative stability (over Greenland Summit) is 8.5%. Larger differences between the in
situ measurements and the satellite-based albedo value are mostly related to the heterogeneity of the
land surface within CLARA-A2 SAL pixels [45]. A comparison between CLARA-A2 SAL and MODIS
MCD43C3 showed that the two products are in good agreement. The relative difference between the
two products is typically between —10% and 10%, with the global mean CLARA-A2 SAL surface
albedo being 2-3% higher than the MCD43C3 global mean surface albedo for some periods. One has
to take into account that the SAL product includes a topographic correction in mountainous areas,
whereas the MODIS product does not [43], and that mountains typically cause underestimation of
albedo due to shadowing [37]. The water areas are excluded from the comparison as the MODIS
product is not defined over water areas or sea ice.

Our study utilizes the global version of the CLARA-A2 SAL products and covers the land areas
between latitudes 40°N and 80°N, and the years from 1982 to 2015. Using a 5-day mean albedo limits
the role of possible individual low-quality albedo values with large retrieval errors (due to observation
geometry, cloud contamination or geolocation error). Furthermore, using sigmoid fitting (described in
Section 3) for the analysis limits the effect of possible erroneous individual mean albedo values.

The influence of climatic parameters on melt season and albedo was studied using ERA-Interim
reanalysis data [46] for 14 day period before the previously defined date for the onset of melt.
The parameters extracted from the data were air temperature (2 m), wind speed (10 m above ground),
accumulated precipitation, amount of snow fall (giving also the accumulated rain) and the number
of days on which the maximum temperature during that period was above 0 °C, —4 °C and —10 °C.
These parameters were chosen due to their possible effect on snow reflectance, metamorphism and
albedo. The air temperature affects the amount of liquid water and heat flux within the snow pack.
Wind can affect the surface albedo by affecting the mechanical breaking of the surface crystals,
by producing wind related surface structures such as ripples and ablation and accumulation areas.
It can also affect the amount of vegetation visible above the snow surface and fraction of bare ground
by removing snow partly or altogether from some areas. It also typically affects the amount of snow on
trees. In the case of evergreen trees, this can have a significant effect on surface albedo. Precipitation
can affect the surface albedo through adding fresh snow crystals on the surface and on vegetation and
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by affecting the snow depth. In the case of rain-on-snow;, this can bring heat into the snow pack thus
affecting the melt processes. The three temperature thresholds were chosen based on the relationship
between air temperature, snow metamorphism and albedo. The 0 °C was chosen since it is the melting
point for snow in normal conditions. The —4 °C was used to take into account the fact that snow
metamorphism starts already at sub-zero temperatures. In the wide variety of snow albedo models,
the simplest parameterizations presume a steady albedo for colder temperatures, and then a linear
decline in snow surface albedo for air temperatures from —5 °C to 0 °C. At —4 °C the heating of the
sun can already affect the snow surface crystals; —10 °C was chosen to represent a temperature at
which the air temperature does not considerably affect the snow surface crystals, so if the maximum
temperature of the day stays colder than this it can be presumed there is no change in the snow
surface due to the temperature. The data was originally in 6-hourly temporal resolution (for snow fall
12 hourly) from which it was further processed to daily values. The resolution of the ERA-Interim data
was 0.25°.

The role of land use in the trends in melt season albedo and timing is assessed using data from
GlobCover2009 [47]. The data was coarsened to the same resolution as the melt season data (0.25°)
by choosing the most common land-use class within the melt season grid cell. Figure 1 shows the
GlobCover data at CLARA-A2 SAL resolution. The GlobCover land-use classes present in the study
area are listed in Table 1.

Table 1. GlobCover2009 classes found to be most common within one surface albedo (SAL) resolution
unit in the study area and the number of occurrences of each class as the most common land-use class
in one resolution unit of melt season data.

LUC Class Label Number of Occurrence
11 Post-flooding or irrigated croplands (or aquatic) 420
14 Rainfed croplands 5137
20 Mosaic cropland (50-70%)/vegetation 5771

(grassland/shrubland /forest) (20-50%)
30 Mosaic vegetation (grassland /shrubland /forest) 299
(50-70%)/ cropland (20-50%)
50 Closed (>40%) broadleaved deciduous forest (>5 m) 7775
70 Closed (>40%) needleleaved evergreen forest (>5 m) 2472
90 Open (15-40%) needleleaved deciduous or evergreen forest (>5 m) 31415
100 Closed to open (>15%) mixed broadleaved and needleleaved 3605
forest (>5 m)
110 Mosaic forest or shrubland (50-70%)/grassland (20-50%) 2299
120 Mosaic grassland (50-70%)/forest or shrubland (20-50%) 1883
130 Closed to open (>15%) (broadleaved or needleleaved, evergreen 1371
or deciduous) shrubland (<5 m)
140 Closed to open (>15%) herbaceous vegetation (grassland, 3869
savannas or lichens/mosses)
150 Sparse (<15%) vegetation 28741
Closed to open (>15%) grassland or woody vegetation on
180 regularly flooded or waterlogged soil-Fresh, brackish or 1639
saline water
190 Artificial surfaces and associated areas (urban areas >50%) 103
200 Bare areas 7523
210 Water bodies 115239

220 Permanent snow and ice 11022
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Figure 1. GlobCover2009 land-use classes coarsened to melt season data resolution.
3. Methods

The melt season parameters were determined by fitting sigmoids to CLARA-A2 SAL pentad
(5 day) mean albedo values using non-linear regression [48]. For each grid cell and year the 5-day
mean albedo values from the end of January until the end of August were used for the sigmoid fitting.
Figure 2 shows two examples of sigmoid fitting. To include all changes in albedo during the melt
season, the dates of snow melt at the onset was taken to be the date at which the sigmoid reached 99%
of its variation range (i.e., a change of 1% (relative) from the pre-melt albedo level). Likewise the end
of the snow melt season was defined to be the date at which the sigmoid reached 1% of its variation
range. These thresholds were chosen in order to include the whole dynamic change in surface albedo
during melt season. The length of the melt season was then the difference between the start and end
date of melt. The albedo values corresponding to the dates of the onset and end of melt were used as
the representative albedo values preceding and following the melt season.

138
End day =179
84
End day =109

albedo [%]

albedo [%]
5

Start day
Start day

day of year day of year
(a) (b)

Figure 2. Sigmoid fitting for 5-day mean albedo data for (a) location 55.375°N, 47.625°E for year 2006
and (b) location 68.125°N, 120.125°E for the year 2007. The growth of vegetation after snow melt is
manifested in (b) where the albedo values after melt season increase slightly as the vegetation starts to
produce leaves.

In some cases the snow melt onset could not be determined, because the melt had already started
before the first cloud-free albedo pentad of the year was available for the grid cell in question. The final
analyses included only the grid cells for which (1) both the snow melt onset and end days were
retrieved successfully; (2) the albedo difference between the start and end date of melt was larger
than 5% absolute albedo units; and (3) data meeting these two criteria were available for at least
10 years. The mean values of R? and RMSE of the final sigmoid regressions were 0.989 and 5.55 (albedo
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percentage), respectively. The corresponding median values were 0.993 and 4.75. In the analyses only
the grid cells for which R? > 0.95 and RMSE < 20 (for the sigmoid fitting) were included. This lead to
discarding about 2% of the data. The final dataset consisted of 2.46 million grid cell level melt seasons.
Figure 3 shows the number of years with successful melt season retrievals per resolution unit.
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Figure 3. Number of successful retrievals of melt season per resolution unit during the 34 years.

The effect of random error in the albedo data on the derivation of the melt season timing was
estimated by using 6 different sigmoids with different levels of albedo prior to melt. After constructing
artificial data around these sigmoids, the data was modified by introducing relative random error
of +12.5% to —12.5% to it. This error is larger than the level of typical variation of albedo values.
These data with random error were then used to produce sigmoids and to extract the melt season
parameters. The analysis was repeated for 100 different cases for each of the six chosen pre-melt levels
with random error. The effect of relative random error in the albedo data on the start date of melt was
1.3 days (standard deviation) and 1.1 days for the end dates of melt.

The trends for the melt season parameters (start and end times of melt, the length of the melt
season and albedo levels before and after the melt season) for each grid cell over the 34 years were
detected using linear regression. The trends were determined using rolling 5-year means. Only 5-year
means with data from at least 3 years were included in the trend fitting, and the fitting was carried out
only for grid cells that had at least 20 mean values during the 34 years. This gave 72092 grid cell level
estimates of trends in pre melt season albedo. From these 30% had R? larger than 0.5.

The climatic dependencies of the melt season parameters were studied using ERA-Interim
re-analysis data [46] for air temperature at 2 m, precipitation and wind speed prior to melt. The time
interval used in the analysis was 14 days prior to melt. Correlation analysis between ERA-Interim
climate data and surface albedo or day of onset of melt were carried out only for the grid cells for
which data were available for at least 20 years. The analysis was performed by looking at the linear
correlation coefficient between the melt season parameter in question and the climatic parameters.

The GlobCover2009 land-use data set (Figure 1) was coarsened to the same resolution as the melt
season data (CLARA-A2 resolution of 0.25°). The area of the boreal forest was determined by looking
at GlobCover classes 70, 90 and 100. The tundra areas were determined as the grid cells with land-use
class 140, 150 and 200 that are north of 55°N in North America and 65°N in Europe.

4. Results

4.1. Albedo Before and After the Melt Season

The change in albedo of Northern Hemisphere land areas between 40°N and 80°N before the
melt season shows large spatial variations (Figure 4). The changes are concentrated in large areas with
homogeneous change characteristics. These areas are listed in Table 2. The areas are shown on a map
together with place names in Figure 5. For the observations with clear trends (R? > 0.5, 30% of all
observations) the pre-melt albedo decreased by 2.4 absolute albedo percentage units on average over
the whole study area over the 34 years of record. The statistically reliable trends in pre-melt season
albedo are concentrated in the region of the boreal forest zone. This can be seen in Figure 4b, which
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shows the land-use classes for the resolution units with albedo trends with R? > 0.5. The trends in
the boreal forest zone show decreasing pre-melt albedo in the southern half of the Central Siberian
Plain and Scandinavia, and increasing pre-melt albedo in the north of Mongolia and China. In North
America the direction of changes varies over short distances, whereas in Eurasia there are larger areas
with similar direction of change in albedo.
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Figure 4. (a) The rate of change in albedo before melt season (absolute albedo % per year) between 1982

and 2015 using 5 year rolling mean albedo (showing cases for which R? of the fitting was larger than 0.5).

The positive rates of change mean higher albedo and negative lower albedo values. (b) The GlobCover

land-use class for the areas with clear trends in pre-melt albedo. (c) The coefficient of determination

(R2) value for trends in albedo before the onset of melt. (d) R? value for multiple variable linear

correlation between albedo before melt season and 6 climatic parameters for 14 days prior onset of

melt. The climatic parameters used are the mean air temperature, number of days with maximum

temperature above 0 °C, —4 °C and —10 °C, accumulated precipitation and mean wind speed.
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Table 2. The mean trends (R? > 0.5) for all the melt season and climatic parameters in areas with observed consistently homogenous change. The trends for snowfall
and rain were not included in the table due to the fact that the trends for the pre-defined regions presented in the table were so weak that they were less than the yearly
variation of the parameter. All climate parameters are derived for 14 days preceding the onset of snow melt. The number of observations in the area are described in
the parenthesis. The area “RCM” refers to the area around the border of Russia, China and Mongolia. The negative trends for the melt season timing mean earlier
onset or end of melt and shorter melt season and the positive trend directions mean later onset and end of melt and longer melt seasons.

_ _ Start Day of End Day of Melt Season Mean Air No. Days No. Days No. Days Accum. .
l:fb?;;t PZ?;::I;“ Melt (Days Melt (Days Length (Days Temp. Above 0 °C Above > —4°C  Above> —10°C Precip (g/l:fd,e?;e:;i)
Per Year) Per Year) Per Year) (K/Year) (Days Per Year)  (Days Per Year)  (Days Per Year)  (mm/Year)
Cent. Sib.
Plain —0.25(4100)  —0.08 (1765) —0.61 (2486) —0.50 (2243) 0.46 (317) —0.12 (370) —0.06 (359) —0.11 (373) —0.11 (399) —0.28 (169) 0.01 (112)
7809
1;1%1\{[ 0.15 (2505) —0.09 (1872) —0.95 (1030) 0.71 (577) 1.51 (925) —0.25 (720) —0.09 (573) —0.14 (667) —0.18 (604) —0.58 (477) 0.01 (378)
Labrador
2640 —0.09 (1111) —0.06 (603) 0.28 (95) —0.59 (289) —0.94 (228) 0.21 (380) 0.03 (113) 0.16 (193) 0.19 (499) 0.33 (84) 0.00 (142)
Rocky
Mnts —0.05 (449) —0.07 (626) —1.18 (170) 1.17 (303) 2.13 (280) —0.21 (254) —0.12 (197) —0.19 (243) —0.18 (197) —0.12 (127) 0.01 (104)
2840
Azllgzlga —0.15(1121)  —0.08 (1024) —0.43 (156) —0.22 (204) 0.37 (267) —0.08 (176) —0.05 (214) —0.16 (268) —0.07 (161) —0.09 (130) 0.01 (101)
Europ.
Arctic —0.29 (1233) —0.01 (227) —0.79 (510) —0.39 (102) 0.88 (303) —0.12 (276) —0.06 (217) —0.06 (376) —0.09 (252) —0.09 (102) 0.02 (121)
3526
Canad.
archip. —0.11 (222) —0.26 (432) —0.61 (79) 0.03 (79) 0.81 (95) 0.01 (32) —0.06 (20) —0.1(30) —0.04 (29) 0.33 (27) —0.03 (83)
1796
The Alps
299 —0.17 (22) —0.12 (34) —1.48 (28) 1.53 (19) 2.69 (30) —0.18 (5) —0.27 (5) —0.18 (4) —0.04 (3) —0.00 (8) —0.02 (7)
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Figure 5. The areas listed in Table 2.

Most of the tundra areas show no significant change in albedo prior to melt. This can be seen in
Figure 4c, which shows the R? values for all albedo trend retrievals. For all the areas with an R? value,
the retrieval of melt season parameters was successful, but the data show no reliable trends (having
R? values lower than 0.5). The slope values of these excluded trends are typically close to 0. In many
areas the annual variability of the pre-melt albedo values is so large that even 34 years is not long
enough to determine a small trend in the albedo value. In southern Eurasian tundra the pre-melt
albedo shows weak negative trends, but no trends in the higher latitudes. The Kola Peninsula and
northern Finnish Lapland show strong negative trends (—0.29 albedo percentage units per year).

The role of vegetation in the observed pre-melt albedo changes can be estimated by looking at
the albedo levels right after the snow has melted, before the vegetation has started greening. Figure 6
shows the trends for albedo after melt as well as the corresponding R? values for the trend fitting.
The trends in the level of albedo after melt are much weaker than those in the pre-melt season albedo
before melt season, which can be expected since the differences in the albedo between different biomes
are much smaller than the changes in the snow cover. The post-melt albedo of the northern Eurasian
tundra decreased over the study period. In more southerly areas of tundra, however, there are no
clear trends. In the boreal forest zone the trends are towards lower albedo values in most of the area,
except for the area west of the River Ob in Russia. One potential reason for the darkening of the boreal
forest zone after the melt season could be the increased size of trees and denser forests, causing more
shadowing of the surface and increased multiple scattering. The darkening of the southern tundra
prior to melt could be explained by the reported shrubification of tundra [49].

The role of climate change in altering the pre-melt season albedo was studied using the linear
fitting between the melt season data and the ERA-Interim reanalysis data [45] on air temperature,
precipitation, wind speed and the number of days with maximum temperature above 0 °C, —4 °C
and —10 °C for 14 days prior to onset of melt. Figure 7 shows the 34-year trends in air temperature,
accumulated precipitation and wind speed. Changes in all these climatic parameters contributed to the
changes in the pre-melt albedo (mean R? for the whole area being 0.64 and the 80th percentile being
0.79) (Figure 4d). In the area around the borders of China, Mongolia and Russia (Figure 5) the climatic
parameters explained almost all of the albedo change. The mean air temperature was the dominant
influence (mean R? = 0.51 for the whole area). It was the largest explanatory factor in particular in
Yablonovyy and Verhoyansk Mountain Ranges, Northern West Siberian Plain, Kola Peninsula, Baffin
Island and Central Siberian Plain.
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Figure 6. (a) The rates of change for the albedo after melt season (absolute albedo % per year) between
1982 and 2015 using 5-year rolling mean albedo (showing cases for which R? of the fit was larger than
0.5). (b) The coefficient of determination (R2) value for trends in albedo after the end of melt.
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Figure 7. ERA-Interim trends for 1982-2015 for (a) mean air temperature (b) accumulated precipitation
(c) snowfall (units are given as amount of snow converted into liquid water) (d) wind speed for 14 days
prior to melt onset. The maps show trends for which the coefficient of determination was larger
than 0.5.

4.2. Melt Season Timing

In addition to the changes in albedo, the timing of the melt season has also changed (Figures 8-10
and Table 2). The changes are, as with albedo, significant and spatially consistent but they also vary
within the study area. The observations with high values for coefficient of determination (R? > 0.5) are
concentrated in large distinct areas. The changes were in general towards longer melt seasons and
earlier onset of melt. The mean start date of melt season in the pixels for which melt season data are
available for the whole 34 years, became 6.1 days earlier over the 34 years. Similarly, the melt ended on
average 5.2 days earlier and the melt season, therefore, became 1 day longer on average. The majority
of the observations showed no clear reliable trends (Figure 11), but in many areas the changes were
significant (Figures 8-10). In many areas the inter-annual variation in the start and/or end dates of the
melt season were so large that it was not possible to detect a statistically significant trend. In Eurasia
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all the parameters showed changes over large homogenous areas, but in North America the trends are
typically more localized and variable.
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Figure 8. (a) The rates of change for the start day of melt between 1982 and 2015 using 5-year rolling
mean albedo (showing cases for which R? of the fit was larger than 0.5). The negative rates of
change mean earlier onset of melt and the positive rates of change mean later dates of onset of melt.
(b) The coefficient of determination (R2) values for the trend fitting for start day of melt. (c) The multiple
variable correlation (R2) between ERA-Interim climate data and start day of melt. R? value for linear
correlation between the time that melt season started (day of year) and 3 climatic parameters for 14 days
prior to the onset of melt. The climatic parameters used are the mean air temperature, accumulated
precipitation and mean wind speed.
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Figure 9. (a) The rates of change for the end date of melt between 1982 and 2015 using 5-year rolling
mean (showing cases for which R? of the fit was larger than 0.5). The negative rates of change mean
earlier end of melt and the positive rates of change mean later dates of end of melt. (b) The coefficient
of determination (R?) values for the trend fitting for end day of melt.
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Figure 10. (a) The rates of change for the length of melt season between 1982 and 2015 using 5-year
rolling mean (showing cases for which R? of the fit was larger than 0.5). The negative rates of change
mean shorter melt seasons and the positive rates of change mean longer melt season. (b) The coefficient
of determination (R?) values for the trend fitting for length of melt season.
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Figure 11. The rate of change observations for (a) start and (b) end day of melt. The dashed line shows
the mean value of the observations for which R? is larger than 0.5.

The distribution of all the computed trends for start and end day of melt can be seen in Figure 11.
The majority of the trends had R? values lower than 0.5. and the rate of change of these were typically
close to zero but slightly towards earlier onset and end of melt.

The trends in melt season timing showed no significant dependency on the land use. In the
Central Siberian Plain the melt started and ended earlier (Table 2), resulting in earlier melt seasons
across the whole region regardless of the vegetation type (both boreal and tundra). The decreasing
trends for mean air temperature before the melt onset in the Central Siberian Plain (Figure 7a, Table 2)
show similar spatial patterns as the melt season timing parameters. This can be explained by the fact
that the air temperatures prior to melt are not derived from the same time of year, but change together
with the start date of melt. With earlier onset of melt, the air temperatures are also derived from an
earlier period. In the mid-winter the air temperature is more heavily influenced by the lack of heating
from the Sun, whereas later in the spring other climatic factors start to affect the air temperature more
significantly. Earlier onset of melt can be associated with colder air temperatures prior to melt onset
and more rapid change in the air temperature from cold mid-winter values to melting conditions.

In the area around the borders of Russia, Mongolia and China the melt starts earlier and ends
later (Table 2), resulting in longer melt seasons. This is also the case for the Canadian Rocky Mountains.
In North America, the northern parts of Labrador Peninsula, which are tundra, also show trends
towards a shorter melt season and earlier end of melt.

Using the climatic data from ERA-Interim, three parameters (mean air temperature, mean wind
speed and accumulated precipitation) are required to explain the changes in the start date of melt,
giving a mean R? value of 0.65 for the whole study area (Figure 8). In some regions, the mean wind
speed and accumulated precipitation (for 14 days prior to melt) are strongly correlated with the starting
time of the melt, while the mean air temperature is not (Figure 12), thus supporting the multivariate
explanation. For example, wind speed affects the start of melt more than air temperature in the
Southern West Siberian Plain and the Southern Byrranga Mountains. Changes in wind conditions
affect snow surface scattering by affecting sublimation, mechanical metamorphism of the surface
crystals, and distribution of the snow, thus affecting the albedo and depth of snow, and the length of
the melt season. The distribution of impurities, such as litter from vegetation on the snow cover, can
change due to wind conditions. Impurities increase both the absorption of solar energy into the snow
pack and the melt rate. Precipitation (together with air temperature) correlates with the start of melt
particularly in the Yablonovyy Range and south of Taymur Peninsula. The trends in the 5-year rolling
mean of climatic parameters in individual grid cells show similar spatial patterns as the melt season
parameters. The trends in these areas are summarized in Table 2.
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Figure 12. The correlation (R?) between start day of melt and (a) mean air temperature (b) total
precipitation and (c) wind speed for 14 days prior to the onset of melt.

5. Discussion

The magnitude of changes in albedo prior to melt season seem to be linked strongly to vegetation
characteristics, whereas the changes in melt season timing seem to be more strongly linked to climatic
factors. The influence of vegetation on surface albedo prior to melt can be understood by considering
the difference between the albedo of vegetation and the albedo of snow. Even a small increase in
the vegetation cover can alter the surface albedo by several absolute albedo percentage units [49,50],
whereas changes in climatic factors prior to melt affect the snow depth and/or the surface crystal
structure, and have smaller (but still significant) impact on the surface albedo. Changes in the number
of days with snow on the trees are an obvious exception to this, putting emphasis on the influence
of climatic parameters on surface albedo. Increased precipitation in vegetated areas would mean
increased albedo while, in open areas, such as tundra, more precipitation would more strongly affect
the depth and surface crystal structure of the snow pack, with a weaker effect on the surface albedo.
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The start date of melt is linked to the air temperature. Increasing temperatures would result in
earlier melt onset. However, in this study the focus was on the temperature prior to melt. That means
that the time period in question changes from year to year. An increase in air temperatures prior to melt
onset would mean that at the start of melt the snow pack is already warmer and the surface crystals
may have been affected by melt and sublimation. Conversely, lower air temperatures, such as in the
area around the borders of Russia, Mongolia and China, would result in a colder snowpack, and, in the
case of a thin snow cover, resulting from low rates of precipitation, colder ground. This would
mean slower melt. Both the end date of melt and the length of the melt season are affected by the
air temperature, snow depth, snowpack characteristics, and the ground temperature. These are all
regulated by climatic factors. For changes in vegetation to cause significant changes in the melt season
timing, such as observed in this study, the vegetation would need to change considerably, for example
from bare ground to tree cover. At larger spatial scales, such changes take more than 34 years.

The relationship between vegetation and climate is not straightforward. Existing studies of
changes in vegetation, permafrost and impurities in snow [26,51-55] reveal similar spatial patterns of
consistent change as do the melt season parameters, but the effect is not the same in all areas. None of
the aforementioned factors alone are able to explain the changes over the whole study area. In fact,
they can have opposite effects on the albedo in different regions.

The inconsistency in the effects of vegetation on winter time albedo can be partly explained by
the different response of vegetation to the changing climate. According to Xu et al. [26], in Eurasia the
normalized difference vegetation index (NDVI) is positively correlated with warming temperature,
whereas in North America the effect varies in different regions and patterns of greening and browning
in North America are fragmented [26]. It is noteworthy that while the NDVI data describe growing
season conditions and are thus not directly translatable to winter conditions, they should be considered
an indicator of changes that may also be visible in winter, such as growth in shrub size and coverage.
The observed changes in vegetation cannot be directly translated to changes in surface albedo.
According to Myers-Smith et al. [56] shrub growth is responsive to different drivers in different
regions. Sturm et al. [50] found that if shrubs protrude above the snow and cover 10% of the surface,
the albedo will decrease by 30%. The spatial coverage of continuous permafrost shows similar spatial
patterns with many of the trends for the melt season parameters. For example, at the southern edge
of Central Siberian Plain and in Labrador Peninsula continuous permafrost ends in the same area as
the trends for melt season change. The difference in trends for melt season parameters can be due to
changes in permafrost coverage causing changes in land use, such as vegetation or formation of melt
ponds, or by different response of vegetation and snow cover to climatic changes in areas with and
without permafrost.

6. Conclusions

The surface albedo before the onset of melt shows clear but spatially varying trends. The clearest
trends are observed in the boreal forest zone, and can be as large as 9 absolute albedo percentage units
over the 34-year-long study period. This is about 10-15% of the albedo of clean snow cover with no
vegetation protruding above the snow surface. At grid cell level, both the albedo prior to melt onset
and the start date of the melt season are responsive to changes in air temperature, wind speed and
precipitation amount, with air temperature being the most significant driving factor. At most latitudes
the mean albedo before the onset of melt has decreased over the 34 years.

The timing of the melt season shows strong rates of change in localized areas. These changes
are better explained by climatic factors than land-use changes. Areas with consistent homogenous
changes are larger in Eurasia than in North America. In the Central Siberian Plain the melt season
takes place earlier than before. In the Canadian Rocky Mountains and the area around the borders of
Russia, China and Mongolia, the melt season starts earlier, ends later, and lasts longer than before.

All in all, both the timing of the melt season and the albedo prior to the melt season changed
in large areas between 1982 and 2015. In most areas, both the start and end dates of the melt season
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have advanced, and the albedo prior to melt onset has decreased, indicating a darkening of winter
snow surfaces.
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